Abstract. The transformation of tunica albuginea-derived fibroblasts (TAFs) into myofibroblasts plays an important role in the pathological progress of Peyronie's disease (PD). However, no treatment which addresses this transformation is currently available. Estrogen has been shown to inhibit the progression of fibrosis in a number of fibrotic diseases. The aim of this study was to determine whether estrogen [17β-estradiol (E2)] suppresses the diffentiation of primary rat TAFs into myofibroblasts in vitro. TAFs obtained from male Sprague-Dawley rats were stimulated with either transforming growth factor-β1 (TGF-β1) or E2. Western blot analysis and immunofluorescence staining were used to assess changes in the expression levels of α-smooth muscle actin (αSMA). The expression levels of additional proteins (GAPDH, p-Smad2, Smad2, Smad4, RhoA, Rac1, ROCK1 and ROCK2) were also measured by western blot analysis. We used collagen gel assays to assess cell contractility. Additionally, the concentration of hydroxyproline in the TAF cell culture medium was detected using commercially available kits. We found that E2 reduced αSMA expression which was induced by TGF-β1. E2 also suppressed the TGF-β1-induced increase in the concentration of hydroxyproline (a marker of collagen) in addition to suppressing the contraction of TAFs. The key processes affected by TGF-β1 treatment included the phosphorylation of Smad2, ras homolog gene family, member A (RhoA) and Rho-associated, coiled-coil containing protein kinase 2 (ROCK2); this increase in phosphorylation was inhibited by treatment with E2. Collectively, these results demonstrate that by modulating the activation of the TGF-β1-Smad and RhoA-ROCK2 signaling pathways, E2 inhibited the transformation of TAFs into myofibroblasts, decreased the expression of collagen and suppressed the contraction of myofibroblasts in response to TGF-β1 stimulation.
Introduction
Peyronie's disease (PD) is a localized fibrotic condition of the tunica albuginea (TA) that is often characterized by the presence of a fibrous plaque containing an excessive amount of collagen, and by fibroblast proliferation, which leads to penile deformity and curvature, as well as potential erectile dysfunction (1) . It has been hypothesized that PD arises as a result of a disordered wound-healing response to repetitive micro-injuries of the TA (2) .
Previous studies involving patients with PD have demonstrated that the transformation of TA-derived fibroblasts (TAFs) into α-smooth muscle actin (αSMA)-positive myofibroblasts is key to the development of fibrous plaques and that this process is promoted by the accumulation of transforming growth factor-β1 (TGF-β1) (3, 4) . During the wound-healing process, myofibroblasts secrete extracellular matrix (ECM) components (particularly collagen) and contract by using smooth muscle actin-myosin complexes to speed up wound repair. These cells undergo apoptosis after the healing process is complete (5) . However, the persistence of myofibroblasts leads to ECM expansion and enhanced contractility, which is observed in several fibrotic diseases. In PD, the excessive secretion of ECM components and the concurrent contraction of myofibroblasts result in the respective development of fibrous plaques and penile curvature (6, 7) . The Smad-dependent and Smad-independent signaling pathways are both involved in the activation of myofibroblasts, which occurs through the interaction between TGF-β1 and its receptor (TGF-β1R) (8) . Activated TGF-β1R then phosphorylates Smad2 and Smad3, which in turn form a complex with Smad4. These activated Smad complexes translocate to the nucleus where they regulate the Estradiol attenuates the TGF-β1-induced conversion of primary TAFs into myofibroblasts and inhibits collagen production and myofibroblast contraction by modulating the Smad and Rho/ROCK signaling pathways HE-SONG JIANG 1 , LEI-LEI ZHU 1 , ZHENG ZHANG 1 , HAI CHEN 2 , YUN CHEN 2 and YU-TIAN DAI transcription of target genes and accelerate the production of collagen (9) . Additionally, the Smad-independent ras homolog gene family, member A (RhoA)/Rho-associated, coiled-coil containing protein kinase (ROCK) pathway is a primary regulator of myofibroblast shape, polarity and contraction through the modulation of actin polymerization, actomyosin contractility, cell adhesion and microtubule dynamics (10) . Therefore, preventing the transformation of fibroblasts into myofibroblasts may be a useful strategy for suppressing the TA fibrotic-remodeling events that ultimately lead to PD. Previous studies have demonstrated that the development of human fibrotic diseases differs according to gender: women are generally more resistant to fibrosis than men (11) . For example, Yang et al demonstrated that pre-menopausal women have a lower risk of developing severe liver fibrosis compared to men and post-menopausal women (12) . An increasing body of evidence has demonstrated that estrogen inhibits the activation of fibroblasts and fibrogenesis in a number of organs, including the liver (13), heart (14) , lungs (15) and kidneys (16) . However, the specific details of how estrogen effects the fibrotic process or fibroblast transformation remain controversial. Novotny et al found that estrogen receptor (ER) agonists induced the transformation of fibroblasts into myofibroblasts and increased the production of ECM components in ovariectomized rats (17) . Therefore, the effects of estrogen on the fibrotic disease process may be related to the type of organ or tissue affected.
To the best of our knowledge, no research studies have been conducted to date to investigate the mechanisms through which estrogen affects the pathological and physiological process of PD. Therefore, the aim of the present study was to determine the specific effects of estrogen [17β-estradiol (E2)] on the functions of cultured TAFs and to explore the mechanisms of action of TGF-β1 in TAFs in vitro. Additionally, we sought to determine whether E2 regulates the secretion of collagen through the TGF-β-Smad signaling pathway and/or the contraction of myofibroblasts through the RhoA-ROCK signaling pathway.
Materials and methods
Cell culture. In independent experiments, 3 male SpragueDawley rats (from the Animal Feeding Center of Nanjing Medical University, Jiangsu, China) were used to isolate the TAFs. Under 4% chloral hydrate anesthesia, penile tissue was harvested to isolate the TAFs and then all rats were euthanized. Primary TAFs were isolated, cultured and identified as previously described (18) ; cells at passage 8 or less were used in the experiments. Briefly, TAFs from Sprague-Dawley rats (Animal Feeding Center of Nanjing Medical University, Jiangsu, China) were cultured in low-glucose Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS; both from Gibco, Carlsbad, CA, USA) and 1% antibiotics (100 mg/l streptomycin and 100 U/ml penicillin) at 37˚C in a humidified 95% air/5% CO 2 environment. When the TAFs reached 80% confluence, they were routinely digested by 0.25% trypsin and then passaged at a 1:2 dilution. All procedures were approved by the Institutional Animal Care and Use Committee of Nanjing University. The TAFs were then cultured in serum-free medium and treated with E2 (Sigma, St. Louis, MO, USA) at a concentration of 1-100 nM. TGF-β1 (5-10 ng/ml; Sigma) was added at the same time as E2. Various concentrations of TGF (0, 5 and 10 ng/ml) and E2 (0, 10 and 100 nM) were used to explore the dose-dependent response. Finally, we found that 5 ng/ml of TGF induced the conversion of TAFs into myofibroblasts and that 10 nM of E2 effectively attenuated this process in our repeated independent experiments. Moreover, this dose is consistent with that used in previous research (19) (20) (21) . The control cells were exposed to the vehicle (DMEM; referred to untreated or normal control). The cells were then grown for either 24 h or for corresponding amounts of time.
Collagen gel contraction assay. Collagen gels were prepared using 2 mg/ml of rat tail collagen I (Wobio, Nanjing, China) that was neutralized with 1 M NaOH and supplemented with DMEM. Gels contained 2-3 mg/ml of rat tail collagen in 0.5-ml aliquots; the amount of collagen used depended upon the experimental protocol employed. The TAFs were seeded at a density of 3x10 5 cells/ml in microtiter plates that were lubricated with FBS. Following lubrication, 0.5 ml of the final collagen gel was incubated at 37˚C in a humidified 95% air/5% CO 2 environment for 24 h. Images were acquired using an Odyssey Scanning System (LI-COR Biosciences, Lincoln, NE, USA), and the surface areas were quantified using ImageJ software (NIH, Bethesda, MD, USA).
Measurement of hydroxyproline concentration. Hydroxyproline was used to measure the total collagen secreted into the medium according to the method described in the study by Woessner (22) and the protocol included in the hydroxyproline kit (A030-1; Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Duplicate 300-µl aliquots of medium were taken from each sample and transferred to microtiter plates, and the absorbance of each was determined at 550 nm by spectrophotometry. The hydroxyproline concentrations of the sample pending to be tested were calculated using a linear standard curve and are presented as µg/ml cell culture medium.
Western blot analysis. Cellular proteins were obtained from the TAFs. Western blot analysis of these proteins was performed as previously described (23) . Briefly, the TAFs were washed twice with phosphate-buffered saline (PBS) and then lysed in RIPA buffer (Sigma). Total protein concentrations were measured using bicinchoninic acid (BCA) reagent (Beyotime Biotech, Jiangsu, China). Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were then electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were incubated at 37˚C for 1 h in blocking solution containing 5% non-fat milk in TBST. The membranes were then incubated at 4˚C overnight with the relevant primary antibodies [anti-αSMA (SAB5500002), anti-Smad2 (SAB2103328), anti-phosphorylated (p-)Smad2 (SAB4300251), anti-Smad4 (SAB4200405), anti-RhoA (WH0000387M3), anti-ras-related C3 botulinum toxin substrate 1 (Rac1; SAB4300461), anti-ROCK1 (R6028), anti-ROCK2 (R8653) and anti-GAPDH (G9295); all from Sigma] at a dilution of 1:1,000. After washing the membranes with TBST, they were then incubated with the secondary antibody (horseradish peroxidase conjugated goat anti-rabbit/mouse IgG; Wuhan Boster Biological Technology Ltd., Wuhan, China) at room temperature for 2 h. The band densities were detected using enhanced chemiluminescence (ECL) reagents (Beyotime Biotech) and an Odyssey Scanning System (LI-COR Biosciences). We then used ImageJ software to quantify the expression levels of the target proteins by calculating the ratio of the mean intensity of each target protein relative to that of GAPDH.
Immunofluorescence staining. Immunofluorescence staining for αSMA was performed using the cultured TAFs as previously described (23) . Briefly, the TAFs on the coverslips were fixed with 4% paraformaldehyde, washed 3 times with pre-chilled PBS and permeabilized with 3% bovine serum albumin (BSA) in PBS containing 0.3% Triton X-100 for 30 min at room temperature. Following this, the TAFs were incubated with primary antibody (anti-αSMA) overnight at 4̊C. After being washed 3 times with PBS, the TAFs were incubated with 0.1% DAPI and secondary Rhodamine Red-X labeled antibody (Invitrogen/Life Technologies, Carlsbad, CA, USA) at a dilution of 1:500 for 60 min at room temperature, after which they were again washed with PBS. The coverslips were then transferred onto glass slides and imaged using a fluorescence microscope (Olympus, Tokyo, Japan).
Statistical analysis. All data were obtained from at least 3 individual experiments. The experimental results are expressed as the mean values ± standard deviation (SD). Statistical analysis was performed by one-way analysis of variance (ANOVA) using Microsoft Excel 2010 and GraphPad software. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

TGF-β1 promotes the transformation of TAFs into myofibroblasts.
In independent experiments with TAFs obtained from 3 different Sprague-Dawley rats, TGF-β1 significantly increased the expression of αSMA (a myofibroblast marker) in a concentration-dependent manner compared to the TAFs which were not treated with TGF-β1 and exposed to the vehicle (1% DMEM). The above results were obtained by western blot analysis (Fig. 1) .
Supplementation of E2 attenuates the TGF-β1-induced expression of αSMA in TAFs.
Since the expression of αSMA is a hallmark indicator that can be used to identify myofibroblasts, the effects of E2 on TGF-β1-induced αSMA protein levels were measured by western blot analysis and the immunofluorescence staining of TAFs. Treatment with E2 (1-100 nM) reduced the expression of αSMA in a dose-dependent manner in both the presence and absence of TGF-β1 (5 ng/ml; Fig. 2A ). Consistent with these results, treatment with 10 nM E2 reduced αSMA protein expression in both the presence and absence of TGF-β1, as determined by immunofluorescence staining (Fig. 2B) .
E2 reduces the levels of TGF-β1-induced hydroxyproline in
TAFs. Hydroxyproline is generally considered to be an amino acid specific to collagen proteins, and it can therefore be used to measure fibrosis (22) . As shown in Fig. 3 , stimulation with TGF-β1 (5 ng/ml) led to elevated levels of hydroxyproline in the TAFs compared to the controls (P<0.01). We then examined the effects of E2 on the TGF-β1-mediated induction of collagen secretion in TAFs and revealed that treatment with E2 (10 nM) suppressed the TGF-β1-induced increase in hydroxyproline levels in these cells (P<0.01).
TGF-β1-induced collagen gel contraction is suppressed by E2.
We carried out a collagen gel contraction assay to analyze the inhibitory effects of E2 on the contractile process. The TAFs mixed with E2 were applied to collagen gels and incubated with or without TGF-β1 for 24 h. The collagen gels were prepared as follows: i) normal control; ii) collagen gel with 5 ng/ml TGF-β1; and iii) collagen gel with 5 ng/ml TGF-β1 and 10 nM E2. TGF-β1 significantly enhanced gel contraction compared to the vehicle control (P<0.001; Fig. 4 ). Although E2 significantly suppressed gel contraction at a concentration of 10 nM (P<0.001) in the presence of TGF-β1 (5 ng/ml), it did not completely reverse this contraction (P<0.01; Fig. 4 ).
E2 decreases TGF-β1-induced Smad signaling.
In exploring the molecular mechanisms underlying the negative role of E2 in relation to the functioning of TAFs, we discovered that the levels of p-Smad2 were enhanced in the TAFs following stimulation with TGF-β1 (5 ng/ml); this effect was attenuated following incubation with increasing doses of E2 (1-100 nM; Fig. 5A ). Additionally, no significant differences in the total protein levels of Smad2 and Smad4 were noted between the TAFs incubated with TGF-β1 or the TAFs treated with E2 ( Fig. 5A and B) .
The TGF-β1-induced activation of the Rho/ROCK pathway is inhibited by E2. The Rho/ROCK signaling pathway promotes cell contraction and migration and is a major effector of fibrotic disease (24) (25) (26) . We thus performed an in vitro experiment in which the cells were pre-treated with TGF-β1 (5 ng/ml) for 24 h and then treated with 10 nM E2 for 0, 2, 6, 24, 48 and 72 h. The expression of RhoA decreased after 2 h and was completely depleted by 24 h (Fig. 5C) . To elucidate the molecular mechanisms responsible for this, we examined the expression of proteins of the Rho/ROCK signaling pathway, which include RhoA, Rac1, ROCK1 and ROCK2 (Fig. 5D) . We found that only RhoA was upregulated after 24 h of stimulation with TGF-β1 (5 ng/ml). It should be noted that the expression levels of RhoA and ROCK were decreased in the TAFs following incubation with E2 in a dose-dependent manner compared to the TAFs which received only TGF-β1 and that obvious changes to the total protein levels of Rac1, ROCK1 and ROCK2 were demonstrated (Fig. 5D) . These results suggest that E2 suppresses the TGF-β1-induced activation of the RhoA/ROCK2 signaling pathway. 
Discussion
PD is characterized by fibrosis of the TA. TGF-β is crucial to tissue regeneration and remodeling in the TA, as has been demonstrated in previous in vivo and in vitro studies (27, 28) . Estrogen is a type of sex hormone that is present in both men and women and is found in particularly high levels in women of reproductive age. The major functions of estrogen include the development of female secondary sexual characteristics, the thickening of the endometrium, and other aspects of menstrual cycle regulation (29, 30) . In males, estrogen regulates certain functions of the reproductive system that play an important role in the maturation of sperm (31) and may be necessary for a healthy libido (32) . Previous studies have suggested that exposure to estrogen has long-term benefits, preventing the progression of fibrotic disease (11) (12) (13) (14) (15) . However, there is little detailed information currently available as to the mechanisms through which estrogen affects PD. TAFs have been shown to be important to the pathological process of PD. Thus, in the present study, we examined the effects of estrogen (E2) on the activation of cultured TAFs in vitro, as well as the possible mechanisms involved. Our results revealed the following: i) TGF-β1 increased αSMA expression in cultured TAFs in a concentration-dependent manner, and the maximal protein expression of αSMA was noted in the TAFs treated with 10 ng/ml TGF-β1 for 24 h; ii) E2 partially inhibited the transformation of TAFs into myofibroblasts; ⅲ) E2 attenuated the TGF-β1-induced collagen production, as well as the contraction of myofibroblasts; iv) the phosphorylation of Smad2 was enhanced in the TAFs following stimulation with TGF-β1 and was significantly suppressed following exposure to E2; v) TGF-β1 stimulation increased the expression of RhoA and ROCK2, although the expression of these proteins was decreased following treatment with E2.
TAFs represent the largest class of cells that make up the normal TA, and the phenotypic transformation of TAFs into myofibroblasts is the main characteristic of PD. Under abnormal conditions, the persistence of myofibroblasts can facilitate fibrosis, which results in the structural remodeling of the penis (33) . Therefore, preventing myofibroblast transformation is a potential therapeutic strategy to limit the fibrotic transformation of the TA. Myofibroblasts are highly active cells that express αSMA. In this study, we employed western blot analysis and immunofluorescence staining and found that E2 inhibited TAF activation, which was indicated by a dose-dependent decrease in αSMA expression (Figs. 1 and 2) . Additionally, we found that activated myofibroblasts synthesized and secreted increased levels of collagen proteins and possessed contractile function similar to smooth muscle cells. We demonstrated that TGF-β1 elevated the level of hydroxyproline (an amino acid that found only in collagen) in the TAF supernatant and that E2 suppressed this elevation (Fig. 3) . The results that we obtained using cultured TAFs confirmed the beneficial effects of E2, which have also been demonstrated in previous studies (34, 35) . We also found that TGF-β1 significantly enhanced the contraction of primary TAFs in a collagen gel contraction assay and that the addition of E2 partly negated this effect (Fig. 4) . Therefore, we suggest that the appropriate supplementation of E2 is an effective strategy for the treatment of PD.
Smad proteins are thought to play an important role in regulating intracellular responses to TGF-β1. Following the TGF-β1-induced phosphorylation of Smad2 and Smad3, these proteins have been shown to localize to the nucleus and form a complex with Smad4, which mediates collagen expression (36) (37) (38) . In accordance with these observations, our study demonstrated that TGF-β1 induced Smad2 phosphorylation in TAFs. However, we also found that E2 significantly suppressed the expression of p-Smad2 in TAFs exposed to TGF-β1. Additionally, the expression of Smad4 was reduced in the TAFs treated with a combination of E2 and TGF-β1 compared to those treated with TGF-β1 alone. These findings indicate that E2 blocks the TGF-β1-induced production of p-Smad2 in TAFs and inhibits their secretion of collagen. We suggest a possible mechanism to explain these findings, which is that E2 attenuated TGF-β1-induced Smad2 phosphorylation and therefore inhibited Smad complex formation through interactions with the G protein-coupled estrogen receptor (GPER).
RhoA, a member of the Ras homolog gene family is a small guanosine triphosphate (GTP)ase known to regulate the actin cytoskeleton during the formation of stress fibers. Previous studies have suggested that the small GTP-binding protein Rho and its downstream targets, ROCK (including ROCK1 and ROCK2), play important roles in numerous fibrotic diseases (39) . By phosphorylating the myosin light chain (MLC), Rho GTPase also induces Ca 2+ sensitization during the contraction of various cells (40) . It is well known that the Rho/ROCK pathway is a TGF-β-Smad independent pathway (8) . In agreement with these aforementioned studies these results, we found that the RhoA/ROCK2 pathway became was activated in TAFs treated with TGF-β1, which then enhanced myofibroblast contractility. By contrast, E2 clearly hindered the TGF-β1-induced upregulation of RhoA and ROCK2 proteins. However, our results demonstrated that the expression levels of Rac1 and ROCK1 in TAFs were not markedly decreased when TGF-β1 was supplemented with E2. This discovery indicates that E2 hinders the ability of TGF-β1 to contract TAFs through the modulation of the Figure 6 . Proposed model of estrogen-mediated inhibition of tunica albugineaderived fibroblasts (TAFs). 17β-estradiol (E2) suppresses the transformation of TAFs into myofibroblasts, which in turn alters the secretion of collagen and the contraction of the cells. E2 partially inhibits collagen secretion by modulating the transforming growth factor-β1 (TGF-β1)/Smad signaling pathway and reduces myofibroblast contraction by modulating the RhoA/ROCK2 pathway.
RhoA-ROCK2 signaling pathway. Moreover, it has previously been revealed that the inhibition of the RhoA/ROCK pathway results in the relaxation of smooth muscle in the penis (41), thereby enhancing erectile dysfunction, which is a common symptom of PD.
In conclusion, the findings of the present study demonstrate that E2 inhibits the transformation of TAFs into myofibroblasts, reduces the expression of collagen through the modulation of the TGF-β1-Smad signaling pathway, and suppresses the contraction of myofibroblasts through the modulation of the RhoA-ROCK2 signaling pathway (Fig. 6) . These results suggest that E2 attenuates the development of PD. However, further studies are warranted to elucidate the detailed mechanisms of action of estrogen in PD in vitro and in vivo.
